The exploration and expansion of the scope of the isothiourea-mediated synthesis of dihydropyridinones is presented. The use of ketimines derived from α,β-unsaturated γ-ketoesters as the Michael acceptor in a Michael addition / lactamisation cascade gives access to a range of dihydropyridinones with high enantioselectivity. The nature of the N-sulfonyl group present on the ketimine is extensively investigated, with further studies into derivatisation of the dihydropyridinone core also reported.
Introduction
The direct organocatalytic asymmetric functionalisation of readily available, bench-stable carboxylic acids 1 towards valueadded products has received much attention since the seminal report by Romo and co-workers in 2001 on the intramolecular nucleophile-catalysed aldol / lactonisation (NCAL) reaction (Scheme 1). 2 Further work from the Romo group has demonstrated the utility of ammonium and isothiouronium enolates generated from carboxylic acids in the stereoselective synthesis of β-lactones, 3 including the application to the total synthesis of (+)-omphadiol 3j 1 and (−)-curcumalactone 2 (Scheme 1), amongst others. examples of natural products accessed using this reaction.
3j,3l
We have previously explored the scope of the intramolecular reactions of ammonium and isothiouronium enolates, 4 allowing access to dihydrobenzofurans, 5 2H-indenes, 5a THFs, 5b as well as pyrrolidines. 6 Intermolecular reactions have also been developed, with formal [2+2]-and [4+2]-cycloadditions between isothiouronium enolates and suitable electrophiles greatly expanding the range of valuable heterocyclic products that can be accessed directly from carboxylic acids. This has included dihydropyranones, 5a,7 β-lactams, 8 dihydropyridinones, 9 pyridines, 10 2-pyrones 11 and a variety of acyclic products from further derivatisation of the heterocyclic cores.
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Our previous synthesis of dihydropyridinones reacted isothiouronium enolates generated from carboxylic acids with N-tosyl chalcone-derived ketimines in a Michael addition / lactamisation cascade (Scheme 2a). 9 This afforded a range of dihydropyridinones in high yields and excellent stereoselectivity. In this methodology the N-tosyl substituent was employed exclusively in the ketimine Michael acceptor. Furthermore, the use of chalcones as the backbone of the ketimine, alongside the requirement for aryl or heteroaryl acetic acids, resulted in dihydropyridinones furnished with three (hetero)aryl substituents thereby constraining the scope of the hetercyclic products. To extend these studies, alternative ketimine backbones incorporating more versatile functional handles, whilst maintaining the reactivity of the Michael acceptor were explored. Herein we report the successful incorporation of ketimines derived from α,β-unsaturated γ-ketoesters within this 2 | J. Name., 2012, 00, [1] [2] [3] This journal is © The Royal Society of Chemistry 2012
Scheme 2 Organocatalytic synthesis of dihydropyridinones methodology, 10, 13 affording dihydropyridinone products containing ester substituents as functional handles (Scheme 2b). Extensive exploration of the sulfonyl substituent and the potential for derivatisation of the dihydropyridinone core is also described.
Results and Discussion

Optimisation
Initial studies showed that α,β-unsaturated γ-ketimine ester 6 was a competent electrophile for intermolecular Michael addition / lactamisation with the isothiouronium enolate generated from phenylacetic acid 5 after in situ formation of a mixed anhydride using pivaloyl chloride and base, and reaction with achiral isothiourea DHPB 7. This allows formation of dihydropyridinone 8 in 65% isolated yield as an 88:12 mixture of diastereoisomers (Scheme 3a). In contrast, the related but isomeric Michael acceptor 9 resulted in a ca. 1:1 mixture of diastereoisomers in a poorer yield (Scheme 3b). 14 With reactivity and diastereoselectivity confirmed with Michael acceptor 6, a screen of common chiral isothiourea Lewis bases 3, 4 and 11 showed (−)-tetramisole·HCl 4 to be optimum in terms of both isolated yield and stereoselectivity (Table 1 , entries 1-3). Examining the catalyst loading revealed that although increasing to 40 mol% 4 gave a higher isolated yield of 8, the diastereoselectivity suffered (entry 4). Conversely, lowering the loading to 10 mol% resulted in incomplete conversion of 6 even after extended reaction times (entry 5). Next, the activating agent for generation of the in situ formed mixed anhydride was examined, showing that pivaloyl chloride was the best choice Scheme 3 Initial investigations over a range of benzoyl chloride derivatives (entries [6] [7] [8] .
Tetramisole free base (entry 9) and excess i-Pr 2 NEt (1.2 eq., entry 10) were examined, resulting in a slight reduction of diastereoselectivity and yield, respectively. Increasing the amount of carboxylic acid and pivaloyl chloride to two equivalents led to consistently higher isolated yields in a short reaction time, even under the more operationally simple nonanhydrous conditions of bench solvent and un-dried glassware (entries 11 and 12). Reducing the catalyst loading under these conditions was again found to be detrimental to the isolated yield of 8 (entry 13). The scalability of the reaction was examined with 5.0 mmol of 6 affording 1.48 g (3.2 mmol) of 8 (entry 14) in near identical yield and stereoselectivity to that on 0.2 mmol scale (cf. entry 12), demonstrated the ability of this methodology to deliver gram quantities of enantioenriched dihydropyridinones. In an attempt to simplify the experimental procedure the possibility of using preformed homoanhydrides was explored (Scheme 4), with 2-phenylacetic anhydride 12 used in place of the combination of 2-phenylacetic acid and pivaloyl chloride. The purification of 8 was greatly simplified under this protocol, however lower diastereo-and enantioselectivity was observed with (−)-tetramisole·HCl 4. HyperBTM 11 performed better in terms of enantioselectivity at the lower loading of 5 mol %, although 60:40 dr was observed. This may be owing to in situ epimerisation of the dihydropyridinone product, a conjecture that is supported by the high ee observed for the syndiastereoisomer in this case. Therefore, the use of pre-activated homoanhydrides was not explored further.
Scheme 4 Investigation of homoanhydride 12
Exploration of the N-Sulfonyl Substituent Having optimised the model system, exploration of the scope and limitations of this process required a general synthetic route to a range of ketimines. Their synthesis was achieved either directly from commercially available ethyl 3-benzoylacrylate 13 through TiCl 4 -mediated imine formation (Scheme 5a), 13, 15 or efficiently in three steps from (+)-diethyl L-tartrate 15 via oxidative cleavage, Wittig reaction of the resulting aldehyde, 16 and imine formation using TiCl 4 (Scheme 5b). In most cases the crude ketimines were purified through trituration and recrystallisation, thereby avoiding silica gel chromatography that leads to significant hydrolysis of these somewhat sensitive imines.
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Scheme 5 Synthesis of N-sulfonyl ketimines Initially, the scope of the sulfonyl group was examined to probe the effect of varying the steric and electronic properties of the N-substituent on the Michael addition / lactamisation (Table 2) . A range of different aryl groups was incorporated, including electron-donating tosyl 18 and SO 2 PMP 19, and electronwithdrawing 4-nosyl 20 without significant variation in yield of dihydropyridinone. The sterically bulky 2,4,6-triisopropylbenzene sulfonyl substituent could also be installed, although the isolated yield of 21 was much reduced. Pleasingly, an alkyl substituted sulfonyl ketimine also proved reactive, generating methanesulfonyl derivative 22 in good yield without loss of stereoselectivity.
This journal is © The Royal Society of Chemistry 2012 
Exploration of the Acetic Acid Nucleophile Scope
The scope of the acetic acid component was initially examined using α,β-unsaturated benzenesulfonyl ketimine 6 (Scheme 6). Generally, the isolated yield of dihydropyridinone was higher when two equivalents of acetic acid was used rather than one (Method A c.f. Method B). Interestingly, product diastereoselectivity was marginally reduced in most cases when two equivalents of acetic acid was used. While the reason for this is not immediately clear, enantioselectivity remained excellent. Arylacetic acids containing para-, meta-and orthotolyl substituents were all incorporated in high yields and excellent stereoselectivities (23) (24) (25) , demonstrating that orthosubstitution has no detrimental effect on the course of the reaction, unlike in our previous synthesis of dihydropyridinones 9 amongst other examples. 7,12a,12c paraPhenyl as well as 1-and 2-naphthyl substitution gave the desired dihydropyridinones (26-28) in moderate yields, although stereoselectivities remained excellent. Electron-rich and halogenated aromatics could also be easily incorporated with excellent stereocontrol (29-33), with an improvement in isolated yield for the most electron-rich substituents (cf. 8). The relative and absolute configuration of 31 was determined by Xray diffraction, with all other products assigned by analogy.
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Other substituents included the heteroaromatic 3-thiophenyl dihydropyridinone 34, which was formed without consequence as long as two equivalents of activated acetic acid were employed, and the 3-pentenoic acid derivative 35, 12d further expanding the scope of accessible motifs with functional handles for further derivatisation. Finally, the ketimine backbone was modified to incorporate a para-methoxyphenyl group in place of the phenyl substituent, resulting in the formation of 36 and 37 in moderate yield and high stereoselectivity.
Scheme 6 Variation of acetic acid and ketimine and molecular representation of X-ray structure 31. Reaction conditons, A: Acetic acid (2 eq.), t-BuCOCl (2 eq.), iPr2NEt (2 eq.), CH2Cl2; then ketimine (1 eq.), 4 (20 mol%), i-Pr2NEt (1 eq.), CH2Cl2. B: Acetic acid (1 eq.), t-BuCOCl (1 eq.), i-Pr2NEt (1 eq.), CH2Cl2; then ketimine (1 eq.), 4 (20 mol%), i-Pr2NEt (1 eq.), CH2Cl2. Isolated yields; dr measured by 1 H NMR; ee measured by chiral HPLC.
Mechanistic Rationale
The proposed mechanism of the reaction is outlined in Scheme 7. Firstly, N-acylation of (−)-tetramisole 4 with mixed anhydride 38, formed in situ from phenylacetic acid and pivaloyl chloride, generates acyl isothiouronium 39. 
Derivatisation of the Dihydropyridinone Core
The potential for derivatisation of the dihydropyridinones was next examined, first considering the possibility of converting the dihydropyridinone into a pyridine derivative. Dehydrogenation and desulfonylation of 8 using Pd/C in the presence of sodium formate gave pyridone 44 (Scheme 8). Subsequent treatment of 44 with tosyl chloride gave tetrasubstituted pyridine 45 in excellent yield. This route is complementary to our previous work regarding isothiourea mediated pyridine formation, which generates 2,4,6-trisubstituted pyridines (cf. 46 and 47) [10] [11] in contrast to the 2,3,4,6-tetrasubstituted pyridine formed here. Additionally, this methodology retains the 2-tosylate as a potential functional handle for further derivatisation. In contrast to Pd/C, selective desulfonylation without dehydrogenation was achieved using sodium naphthalenide, which gave unprotected dihydropyridinone 48 in modest yield without loss of stereoselectivity (Scheme 9a). Alternatively, bromination at the 5-position proceeded smoothly upon treatment with Br 2 to give the fully substituted dihydropyridinone 49 in excellent yield (Scheme 9b). Ringopening of 8 proved challenging, for example catalytic DMAP in methanol returned only starting material. However, ringopening of 8 was possible using magnesium in methanol, which gave a moderate yield of keto-diester 50 in high enantioselectivity, alongside 60% of pyridone 44 from competing dehydrogenation / desufonylation under these more forcing conditions (Scheme 9c). Reduction of 8 with LiAlH 4 followed by an acidic workup afforded a good yield of acyclic enamine-diol 51 as a single diastereoisomer without loss of enantiopurity (Scheme 9d). It is perhaps surprising that the Nsulfonyl enamine is isolable under these conditions, but the good isolated yield indicates significant stability of this functionality. While all attempts at homo-or heterogeneous hydrogenation of the C-5,6 double bond in 8 to form the 2-piperidone returned only starting material, epoxidation was successful with m-CPBA. 21 This resulted in the formation of a single diastereoisomer of epoxide 52, containing four contiguous stereocentres (Scheme 10). The relative and absolute stereochemistry of 52 was confirmed through X-ray crystallography.
Scheme 10 Epoxidation of 8 and molecular representation of X-ray structure 52
Conclusions
In conclusion, the scope of the isothiourea catalysed Michael addition / lactamisation of aryl and alkenyl acetic acids with α,β-unsaturated ketimines has been expanded, thereby allowing the synthesis of a variety of dihydropyridinone products. Derivatisation of the dihydropyridinone core has also been further demonstrated, affording a range of valuable skeletons from a single starting material. Further work in our laboratory is directed towards new Lewis base-catalysed reactions and exploring derivatisations of the functional building blocks they provide.
Experimental
General Information
Anhydrous CH 2 Cl 2 was obtained from an Mbraun SPS-800 system. Pet. ether is defined as petroleum ether 40-60 °C. All other solvents and commercial reagents were used as supplied without further purification unless stated otherwise.
Room temperature (rt) refers to 20-25 °C. Temperatures of 0 °C and -78 °C were obtained using ice/water and CO 2 (s)/acetone baths, respectively.
Analytical thin layer chromatography (TLC) was performed on pre-coated aluminium plates (Kieselgel 60 F 254 silica). TLC visualisation was carried out with ultraviolet light (254 nm), followed by staining with a 1% aqueous KMnO 4 solution and heating. Flash column chromatography was performed on Kieselgel 60 silica in the solvent system stated.
Melting points were recorded on an Electrothermal 9100 apparatus.
Optical rotations were measured on a Perkin Elmer Precisely/Model-341 polarimeter operating at the sodium D line with a 100 mm path cell at 20 °C.
HPLC analyses were obtained on a Shimadzu HPLC consisting of a DGU-20A5 degasser, LC-20AT liquid chromatograph, SIL-20AHT autosampler, CMB-20A communications bus module, SPD-M20A diode array detector and a CTO-20A column oven which allowed the temperature to be set from 25-40 °C. Separation was achieved using a Chiralcel OD-H column or Chiralpak AD-H, and IA, columns. Authentic racemic samples of chiral products were synthesised using achiral DHPB 7 or racemic tetramisole·HCl 4.
Infrared spectra (ν max ) were recorded on a Shimadzu IRAffinity-1 Fourier transform IR spectrophotometer as thin films using Pike MIRacle ATR accessory. Analysis was carried out using Shimadzu IRsolution v1.50 and only characteristic peaks are reported. General Procedure A: Synthesis of α,β-unsaturated γ-N-sulfonyl ketimines from ethyl 3-benzoylacrylate A flame-dried flask containing a stirrer bar was charged with the requisite sulfonamide (1 eq.), ethyl 3-benzoylacrylate (1 eq.) and CH 2 Cl 2 (ca. 0.2 M). The resulting solution was stirred and cooled to 0 °C before Et 3 N (2 eq.) was added followed by TiCl 4 (1 eq.) dropwise. The reaction mixture was allowed to warm to rt, a reflux condenser fitted to the flask, and the reaction heated at reflux overnight. The solvent was removed in vacuo, the titanium salts precipitated with Et 2 O and the suspension filtered. The filtrate was concentrated in vacuo, the residue cooled in an ice bath, and triturated with a small amount of Et 2 O (ca. 5 mL / g) with stirring. The resultant solid was collected by filtration and washed with further portions of cold Et 2 O. The solid was dried in vacuo to leave the pure ketimines.
A flask containing a stirrer bar was charged with CH 2 Cl 2 (to give 0.4 M acid] , aryl acetic acid (2 eq.), i-Pr 2 NEt (2 eq.) and cooled to 0 °C. Pivaloyl chloride (2 eq.) was added and the reaction stirred for 30 minutes. (−)-Tetramisole·HCl 4 (20 mol%) was added followed by the ketimine (1 eq.) and additional i-Pr 2 NEt (1 eq.) in CH 2 Cl 2 (to give 0.4 M of ketimine). The reaction was allowed to warm to rt and stirred until complete by TLC. The reaction was quenched with 0.1 M HCl (~20 mL / mmol acid), the layers separated and the aqueous layer extracted with CH 2 Cl 2 (2 × eq. vol.). The combined organics were dried over MgSO 4 , the solvent removed in vacuo on a rotary evaporator (<30 °C bath temp.), and the residue purified by flash chromatography in the solvent system stated.
Preparation of Ketimines
Following general procedure A, the reaction of ethyl 3-benzoylacrylate 13 (1.84 mL, 10 mmol), benzenesulfonamide (1.57 g, 10.0 mmol), NEt 3 (2.8 mL, 20 mmol) and TiCl 4 (1.1 mL, 10 mmol) in CH 2 Cl 2 (60 mL) gave the title compound after trituration as white crystals (2.04 g, 6.0 mmol, 60%); mp 51-52 °C {Lit. 13a (2E,3E)-Ethyl 4-phenyl-2-(tosylimino)but-3-enoate 9 23 The starting ketone, (E)-ethyl 2-oxo-4-phenylbut-3-enoate, was prepared according the procedure outlined by Smith et al. Following general procedure A, the reaction of the above ketone (2.0 g, 9.8 mmol), p-toluenesulfonamide (1.68 g, 9.8 mmol), NEt 3 (2.8 mL, 19.6 mmol) and TiCl 4 (1.1 mL, 9.8 mmol) in CH 2 Cl 2 (60 mL) gave 9 after purification by flash chromatography (EtOAc / pet. 
(2E,4E)-Ethyl 4-phenyl-4-(tosylimino)but-2-enoate 14a
Following general procedure A, the reaction of ethyl 3-benzoylacrylate (1.84 mL, 10 mmol), p-toluenesulfonamide (1.68 g, 10.0 mmol), NEt 3 (2.8 mL, 20 mmol) and TiCl 4 (1.1 mL, 10 mmol) in CH 2 Cl 2 (60 mL) gave the title compound after trituration ( A flame-dried flask containing a stirrer bar was charged with (+)-diethyl (L)-tartrate 15 (0.66 mL, 3.0 mmol, 1 eq.) and anhydrous Et 2 O (6 mL). Periodic acid (0.68 g, 3.0 mmol, 1 eq.) was added and the reaction stirred for 3 h at rt. The suspension was filtered through cotton wool into a second flask, washing with anhydrous THF (7.5 mL). The filtrate was treated with MgSO 4 (1.0 g) and the resulting suspension cooled to 0 °C. 1-(4-Methoxyphenyl)-2-(triphenylphosphoranylidene)ethanone 16 (1.85 g, 4.5 mmol, 1.5 eq.) was then added in one portion. The reaction was allowed to warm slowly to rt and stirred overnight. The solution was filtered and the solvent was removed in vacuo before purification of the crude material by flash chromatography on silica gel (Et 2 O / hexane 0:100 to 30:70) to give (E)-ethyl 4-(4-methoxyphenyl)-4-oxobut-2-enoate 17 (0.92 g, 3.9 mmol, 87%) as a yellow solid. Following general procedure A with a modified work up, the reaction of (E)-ethyl 4-(4-methoxyphenyl)-4-oxobut-2-enoate (0.77 g, 3.3 mmol), p-toluenesulfonamide (0.57 g, 3.3 mmol), NEt 3 (0.92 mL, 6.6 mmol) and TiCl 4 (0.36 mL, 3.3 mmol) in CH 2 Cl 2 (17 mL) was followed by aqueous work up. The reaction mixture was quenched with water (30 mL) and extracted with EtOAc (×3), dried over MgSO 4 , filtered, and concentrated in vacuo. 13.9, 23.7, 23.8, 25.0, 25.4, 29.9, 34.4, 45.9, 53.3, 61.5, 114.8 2 × C), 61.7, 111.2, 111.6, 116.0, 121.1, 126.1, 127.7, 128.6,  128.7, 129.0, 129.5, 134.1, 136.7, 139.3, 141.3, 148.9, 149.0 
Derivatisations
Ethyl 2-oxo-3,6-diphenyl-1,2-dihydropyridine-4-carboxylate 44 24 A solution of dihydropyridinone 8 (46.2 mg, 0.1 mmol, 1 eq.) and HCOONa (34.0 mg, 0.5 mmol, 5 eq.) in DMF (0.5 mL) was treated with 10% Pd/C (12 mol%) and stirred at 60 °C for 24 h. The reaction was allowed to cool to rt, diluted with water (5 mL), filtered through Celite ® , and extracted with EtOAc (3 × 5 mL). The combined organic layers were dried over Na 2 SO 4 , filtered, and concentrated in vacuo. The residue was purified by flash column chromatography (CH 2 Cl 2 / MeOH, 19:1) to give 44 (27.6 mg, 0.086 mmol, 86%) as a white solid; mp 182-184 °C {Lit. 24 24 Ethyl 3,6-diphenyl-2-(tosyloxy)isonicotinate 45 A stirred solution of pyridone 44 (31.9 mg, 0.1 mmol, 1 eq.) in anhydrous THF (1 mL) at −78 °C under an argon atmosphere was treated with NaH (60% wt., 6.0 mg, 0.15 mmol, 1.5 eq.) followed by a solution of tosyl chloride (28.6 mg, 0.15 mmol, 1.5 eq.) in anhydrous THF (0.5 mL). After 1 h, the reaction mixture was allowed to warm to rt, then heated to 60 °C for 3 h. The reaction was poured into ice water (10 mL), neutralised with K 2 CO 3 , and extracted with CHCl 3 (3 × 10 mL). 2 Cl 2 (1 mL) at 0 °C was treated with m-CPBA (70% wt., 37.0 mg, 0.15 mmol, 1.5 eq.). The reaction was allowed to warm to rt and stirred for 24 h, before being quenched with sat. NaHCO 3 (2 mL). The layers were separated and the aqueous layer extracted with
